We are continuing to study the biotransformation of secondary metabolites such as terpenoids and aromatic compounds from crude drugs and liverworts by microorganisms [1] [2] [3] [4] [5] [6] [7] and mammals 8, 9) to obtain some functional substances such as pheromones and aromatics. We reported the biotransformation of sesquiterpenoids such as dehydrocostuslactone, costunolide, a-, b-, and g-cyclocostunolides, asantonin, and atractylon from crude drugs, and an amber constituent, (Ϫ)-ambrox by microorganisms such as Aspergillus niger.
We are continuing to study the biotransformation of secondary metabolites such as terpenoids and aromatic compounds from crude drugs and liverworts by microorganisms [1] [2] [3] [4] [5] [6] [7] and mammals 8, 9) to obtain some functional substances such as pheromones and aromatics. We reported the biotransformation of sesquiterpenoids such as dehydrocostuslactone, costunolide, a-, b-, and g-cyclocostunolides, asantonin, and atractylon from crude drugs, and an amber constituent, (Ϫ)-ambrox by microorganisms such as Aspergillus niger. 10) It has been clarified that a grapefruit essential oil containing nootkatone (1) decreases the somatic fat ratio 11) and its demand by cosmetic and fiber manufacturers has increased. Recently, we have found that the commercially available and cheap aromatic valencene (2) from Valencia orange oil is very efficiently converted into the expensive grapefruit aromatic, nootkatone (1) by biotransformations using Chlorella sp. 12) and Mucor sp. 13) In continuation of the biotransformation of the chemical constituents isolated from crude drugs into biologically active compounds, the biotransformations of nootkatone (1) and valencene (2) were examined using Aspergillus niger, Fusarium culmorum, and Botryosphaeria dothidea. This paper deals with the structural elucidation of metabolites of 1 and 2 converted by the three fungi.
Biotransformation of Nootkatone (1) by Aspergillus niger A. niger was inoculated and cultivated in a rotary (100 rpm) in Czapek-pepton medium (pH 7.0) at 30°C for 7 d. (ϩ)-Nootkatone (1) (80 mg/200 ml) was added to the medium and further cultivated for 7 d. The crude metabolites obtained from the culture broth by EtOAc extraction were chromatographed on silica gel (n-hexane-EtOAc gradient) to give two metabolites, 12-hydroxy-11,12-dihydronootkatone (3) (10.6%, isolated yield) and C-11 stereomixtures of 11,12-dihydroxy-11,12-dihydronootkatone (nootkatone-11,12-diol) (4, 5) (51.5% isolated yield), respectively.
Compound (3) {[a] D +133.3°(CHCl 3 )} was obtained as a single isomer at C-11, for which the molecular formula C 15 H 24 O 2 was established in high-resolution electron-impact mass spectroscopy (HR-EI-MS) ([M] ϩ m/z 236.1778). The FT-IR and UV spectra of 3 indicated the presence of a hydroxyl (3398 cm
Ϫ1
) and a conjugated ketone (1657 cm Ϫ1 ; l max 238 nm) group. The 1 H- (Table 1 ) and 13 C-NMR ( ] . Compound 3 showed correlations between (i) H-12/C-7, C-11, and C-13; and (ii) H-13/C-7, C-11 and C-12 in the HMBC spectrum. On the basis of the above spectral data and careful analysis of its 2D NMR spectrum, the structure of metabolite 3 was established to be 12-hydroxy-11,12-dihydronootkatone. The relative configuration at C-11 remained to be clarified.
The HR-EI-MS of nootkatone-11,12-diol (a mixture of 4 and 5) showed a peak for [M ϩ ] at m/z 252.1730, indicating the molecular formula of C 15 H 24 O 3 . The FT-IR spectrum of the mixture indicated the presence of a hydroxyl (3358 cm
) and a conjugated ketone (1652 cm Ϫ1 ) group. The 1 H-and 13 C-NMR spectra showed that 4 and 5 were a mixture of stereoisomers at C-11, the isolation of which was very difficult by any separation method. The structure of 11,12-diol was confirmed by the formation of a methyl ketone (6) on oxidation with NaIO 4 . Treatment of the mixture (4, 5) with 1,1Ј-thiocarbonyldiimidazole gave the thiocarbonates 7 and 8, which were easily separated by HPLC in the ratio of 3 : 2. Teresa et al. 14) and Haines and Jenkins 15) reported that the configuration at C-11 of 11,12-diol (9) must be "R," because the thiocarbonate (10) used to prepare 9 showed a negative Cotton effect [308 nm (De Ϫ0.21) ]. However, both thiocarbonates 7 and 8 showed negative Cotton effects [7: 319 nm (De Ϫ0.33); 8: 310 nm (De Ϫ0.70)] in CD spectra, and thus the absolute configuration at C-11 of 4 and 5 could not be characterized by their CD spectra. Finally, the absolute structure of 4 was established based on X-ray crystallographic analysis of the thiocarbonate (7) as the S configuration at C-11, as shown in Fig. 1 . Thus compounds 4 and 5 were determined to be (11S)-and (11R)-nootkatone-11,12-diol, respectively. 11,12-Epoxide (11) obtained by epoxydation of nootkatone (1) with mCPBA was biotransformed by A. niger for 1 d to 11,12-dihydroxy-11,12-dihydronootkatone (4, 5) in good yield (81.4%). 1-Aminobenzotriazole, an inhibitor of cytochrome P450, inhibited the oxidation process of 1 into compounds 3-5. From the above results, possible metabolic pathways of nootkatone (1) are depicted in Fig. 2 .
Biotransformation of Nootkatone (1) by F. culmorum and B. dothidea F. culmorum was inoculated and cultivated stationary in Czapek-pepton medium (pH 7.0) at 30°C for 7 d. (ϩ)-Nootkatone (1) was added to the medium and further cultivated for 7 d to afford (11R)-11,12-dihydroxy-11,12-dihydronootkatone (5) (47.2%) and 9b-hydroxynootkatone (12) (14.9%).
Compound 5 was stereospecifically obtained at C-11 by biotransformation of 1. The purity of compound 5 was determined to be ca. 95% by HPLC analysis of the thiocarbonate (8) .
Compound 12 {[a] D ϩ131.3°(CHCl 3 )} was obtained as a colorless oil, for which the whose molecular formula C 15 Table 2 . Compound 12 showed correlations between (i) H-9/C-1, C-5, and C-10 in the HMBC spectrum and NOEs between H-9/H-1, H-7, H-8a and H-14 in the NOESY, respectively. Thus the structure of 12 is 9b-hydroxynootkatone.
The biotransformation of nootkatone (1) was examined using the plant pathogenic fungus B. dothidea separated from the fungus which grows on the peach. (ϩ)-Nootkatone (1) was cultivated with B. dothidea (peach PP8402) for 14 d to afford 11,12-dihydroxy-11,12-dihydronootkatone (4, 5) (54.2%) and 7a-hydroxynootkatone (13) (20.9%). The ratio of compounds 4 and 5 was determined to be 3 : 2 by HPLC analysis of their thiocarbonates (7, 8) .
Compound Table 2 . The relative structure of compound 13 at C-7 was determined by NOEs between (i) H-12/H-8b; and (ii) H-13/H-6b in the NOESY spectrum.
The conversions of nootkatone (1) to 11S-and 11R-nootkatone-11,12-diol (4, 5) by various microorganisms and rabbits are summarized in Table 3 . The biotransformations of 1 by A. niger and B. dothidea resembled that after oral administration of 1 to rabbits 16) since the ratio of major metabolites (4, 5) in rabbits was similar to that in the former two fungi. Recently, we have reported that the biotransformation of hinesol 5) and a-santonin 10) by A. niger is similar to that with their oral administration to mammals. It is noteworthy that the biotransformation of 1 by F. culmorum stereospecifically afforded 11R-nootkatone-11,12-diol (5) .
Biotransformation of Valencene (2) by A. niger Valencene (2) from Valencia orange oil was cultivated with A. niger for 5 d to afford seven metabolites 3 (1.0%), 4 and 5 (13.5%), 14 (1.1%), 15 (1.5%), 16 (2.0%), and 17 (0.7%), respectively. The ratio of compounds 4 (11S) and 5 (11R) was determined to be 1 : 3 by HPLC analysis of their thiocarbonates (7, 8) .
} was obtained as a single isomer at C-11, for which the molecular formula C 15 
H 24 O 2 was established by HR-EI-MS ([M]
ϩ m/z 236.1749). The FT-IR and UV spectra of 14 indicated the presence of a hydroxyl (3350 cm
Ϫ1
) and a conjugated diene (l max 235 nm) group. Its 1 H- (Table 4 ) and 13 C-NMR (Table  5) ; l max 289 nm) group which was confirmed by the 1 H- (Table 4 ) and 13 C-NMR (Table 5) (Table 4 ) and 13 C-NMR (Table 5) (1) In summary, the grapefruit fragrance, nootkatone (1) used in the modern cosmetic and fiber business was biotransformed by A. niger and B. dothidea to give 11S-and 11R-nootkatone-11,12-diol (4, 5) in the ratio of 3 : 2. The biotransformation of 1 by F. culmorum stereospecifically afforded 11R-nootkatone-11,12-diol (5). Biotransformation of (ϩ)-valencene (2), which can be cheaply obtained from Valencia oranges, afforded the structurally interesting metabolites 14-17 together with 3-5. Because biotransformation of 2-hydroxyvalencene (19, 20) by A. niger gave metabolites 14-16, the biosynthetic pathway (Fig. 5) was confirmed. The metabolites 3-5, 12, and 13 of (ϩ)-nootktone (1) and 3-5 and 14-17 of (ϩ)-valencene (2) did not show an effective odor.
Experimental
General Experimental Procedures Gas chromatography (GC) was carried out using a Agilent 6890 GC system-5973 Network instrument equipped with a flame ionization detector on a capillary column (30 mϫ 250 mmϫ0.3 mm). The column temperature was programmed from 70°C to 230°C. IR spectra were measured on a JASCO FT-IR 500 spectrophotometer. (1) which were isolated from the essential oil of Valencia orange and grapefruit, respectively, were provided from Takasago International Co., Ltd. (Japan). Purity was checked based on the 600 MHz 1 H-NMR spectrum, GC-MS, and optical rotation. The absolute configurations of (ϩ)-nootkatone (1) and (ϩ)-valencene (2) were already determined to be 1 and 2, respectively.
17,18)
Microorganisms and Media A. niger was isolated from soil in Osaka prefecture and was identified based on its physiologic and morphologic features. A Czapek-pepton medium [1.5% sucrose, 1.5% glucose, 0.5% polypepton, 0.1% K 2 HPO 4 , 0.05% KCl and 0.001%FeSO 4 · 7H 2 O in distilled water (pH 7.0)] was used for the biotransformation of nootkatone by A. niger, B. dothidea and B. theobromae.
Biotransformation of Nootkatone (1) by A. niger An Erlenmeyer flask (500 ml) containing 200 ml of Czapek-pepton medium was inoculated with a suspension of A. niger and incubated at 30°C for 2 d in a rotary shaker operating at 100 rpm. After full growth of the microorganisms, a solution of (ϩ)-nootkatone (1) (80 mgϫ5; 400 mg) was added to the culture medium of A. niger. The incubation was then continued for a further 7 d at 30°C. After the completion of the incubation time, the culture was filtered in vacuo and the broth was extracted twice with EtOAc (each 200 ml) under stirring. The EtOAc layers were dried over MgSO 4 and the solvent was evaporated in vacuo to give the crude extract (494 mg) which was chromatographed on silica gel (50 g) with a gradient solvent system of n-hexane-EtOAc by increasing the amount of EtOAc stepwise in 5% increments to afford 12-hydroxy-11,12-dihydronootkatone (3) (4.6 mg; 10.6%) from n-hexane-EtOAc Tables 1 and 2 .
Reaction of Compounds 4 and 5 with NaIO 4 To a solution of compounds 4 and 5 (10.0 mg) in ethanol (5 ml) was added NaIO 4 (40 mg) with stirring at room temperature. After stirring for 1 h, the mixture was extracted twice with Et 2 O (50 ml). The organic phase was washed with brine, dried (MgSO 4 ), and evaporated to give a residue (13.4 mg). The residue was purified by a silica gel column chromatography with an n-hexane-AcOEt gradient to afford diketone (6) (7.9 mg, 78.8%). Reaction of Compounds 4 and 5 with 1,1-Thiocarbonyldiimidazole To a solution of compounds 4 and 5 (30.0 mg) in toluene (7 ml) was added 1,1Ј-thiocarbonyldiimidazole (45 mg) with stirring at room temperature. After stirring for 7 h, the mixture was purified by silica gel column chromatography with an n-hexane-AcOEt gradient to afford thiocarbonates (7, (29.8 mg) . The mixture of thiocarbonates was separated by HPLC on silica gel with n-hexane-EtOAc (1 : 1) to afford 11S-thiocarbonate (7) (13.1 mg, 37.4%) at Rtϭ67 min and 11R-thiocarbonate (8) 9 (q, C-15), 21.7 (q, C-13), 26.7 (t, C-8), 31.8 (t, C-9 ), 38.6 (t, C-6), 40.4 (d, C-4), 41.0 (d, C-7), 41.9 (t, C-3), 76.6 (t, C-12), 91.8 (s, C-11),  125.3 (d, C-1), 167.6 (s, C-10), 191.1 (s, CϭS), 198.9 (s, C-2) .
The crystal data for 7 are as follows: Monoclinic, space group P2 1 , aϭ 8.710 (0) Epoxidation of Nootkatone (1) To a solution of nootkatone (1) (300.1 mg) in CHCl 3 (40 ml) was added mCPBA (687 mg) with stirring at 0°C. After stirring for 3 h , water was added and the mixture was extracted with CHCl 3 . The organic phase was washed with 5% NaHCO 3 and brine, dried (MgSO 4 ), and evaporated to give a residue (314.9 mg). The residue was purified by silica gel column chromatography with an n-hexane-AcOEt gradient to afford 11,12-epoxynootkatone (11) (116.1 mg, 82.7%).
Compound 11 Biotransformation of 11,12-Epoxynootkatone (11) by A. niger A solution of 11,12-epoxynootkatone (11) (20 mg) was added to the culture medium of A. niger. The incubation was then continued for 1 d at 30°C. The culture was filtered in vacuo and the broth was extracted twice with EtOAc (each 200 ml) with stirring. The EtOAc layers were dried over MgSO 4 and the solvent was evaporated in vacuo to give the crude extract (30.5 mg) as an oil, which was chromatographed on silica gel with a gradient solvent system of n-hexane-EtOAc to afford 11S-and 11R-nootkatone-11,12-diol (4 and 5; ratio 1 : 1) (17.5 mg, 81.4%).
Biotransformation of Nootkatone (1) by F. culmorum An Erlenmeyer flask (500 ml) containing 200 ml of Czapek-pepton medium was inoculated with a suspension of F. culmorum and incubated at 30°C for 5 d in a rotary shaker operating at 100 rpm. After full growth of the microorganisms, a solution of (ϩ)-nootkatone (1) (20 mg) was added to the culture medium of F. culmorum. The incubation was then continued for a further 20 d at 30°C. The culture was filtered in vacuo and the broth was extracted twice with EtOAc (each 100 ml) with stirring. The EtOAc layers were dried over MgSO 4 and the solvent was evaporated in vacuo to give the crude extract (494 mg) which was treated in the same manner as described above to give 9b-hydroxynootkatone (12) (3.2 mg; 14.9%) and (11R)-nootkatone-11,12-diol (5) (10.9 mg; 47.2%). The purity of compound 5 was determined to be ca. 95% by HPLC analysis of the thiocarbonate (8 Tables 1 and 2 .
Biotransformation of (؉)-Nootkatone (2) by B. dothidea An Erlenmeyer flask (500 ml) containing 200 ml of Czapek-pepton medium was inoculated with a suspension of B. dothidea (peach PP 8402) and incubated at 30°C for 7 d in a rotary shaker operating at 100 rpm. (ϩ)-Nootkatone (2) (20 mgϫ5; 100 mg) was added to the culture medium of B. dothidea. The inocubation was then continued for a further 14 d. The culture broth was treated in the same manner as described above give the crude extract (424 mg) which was chromatographed on silica gel with an n-hexane-ether gradient to afford 7a-hydroxynootkatone (13) (22.4 mg, 20.9%) and 11S-and 11R-nootkatone-11,12-diol (4, 5) (62.7 mg, 54.2%). The ratio of compounds 4 and 5 was determined to be 3 : 2 by HPLC analysis of their thiocarbonates (7, 8 Tables 1 and 2 .
Biotransformation of (؉)-Valencene (1) by A. niger A. niger was rotatory cultivated (100 rpm) in Czapek-pepton medium at 30°C for 3 d. (ϩ)-Valencene (1) (100 mgϫ15ϭ1.5 g) was added to the medium and further cultivated for 5 d. The culture was worked up in a same manner as above. The EtOAc extract was chromatographed on silica gel (n-hexane-EtOAc gradient) to give seven metabolites: 3 (14.9 mg; 1.0%), 4 and 5 (202 mg; 13.5%), 14 (16.8 mg; 1.1%), 15 (22.6 mg; 1.5%), 16 (30.2 mg; 2.0%), and 17 (10.7 mg; 0.7%). The ratio of compounds 4 (11S) and 5 (11R) was determined to be 1 : 3 by HPLC analysis of their thiocarbonates (7, 8 Tables 4 and 5 .
3,5-Dinitrobenzoylation of Compound 15
To a solution of 15 (10.5 mg) in pyridine (3 ml) was added 3,5-dinitrobenzoyl chloride (38.4 mg) and dimethylaminopyridine (10 mg). The mixture was stirred at room temperature overnight. Water was added and the mixture was extracted with CHCl 3 . The organic phase was washed with 1 N HCl, 5% NaHCO 3 , and brine, and dried (MgSO 4 ) and the solvent was evaporated to give a residue (15.0 mg) that was purified by a silica gel column chromatography with a nhexane-AcOEt gradient to afford 18 (3.9 mg) as colorless prisms; mp 181-183°C, [ 
